Abstract-Seismogenic process is a nonlinear and irreversible one, so that the response to loading of a seismogenic zone is different from the unloading one. This difference reflects quantitatively the process of an earthquake preparation. A physics-based new parameter-Load/Unload Response Ratio (LURR) was proposed to measure quantitatively the proximity to a strong earthquake and then used to be an earthquake predictor. In the present paper, a brief history of LURR is recalled; inspection of real earthquake cases, numerical simulations and laboratory studies of LURR, prediction efforts in terms of LURR, probability problem of LURR and its prospect are also expatiated.
Introduction
The idea of LURR (Load/Unload Response Ratio) came as a brainstorm in 1984, twenty years ago, when the first author was a visiting professor in Saint Louis University in U.S.A. cooperating with Professor Otto Nuttli, who was extremely interested in LURR and encouraged us to strive for the maximum achievement. He is many years deceased, however we still deeply miss him.
The essence of an earthquake, from the viewpoint of mechanics or physics, is precisely the failure or instability of the focal media accompanied by a rapid release In order to measure quantitatively the difference, two parameters are defined as follows:
The first one is the response rate X defined as
where DP and DR=denote the increments of load P and response R, respectively. The second one is the Load/Unload Response Ratio (LURR) Y defined as
where X + and X ) refer to response rate under loading and unloading condition, respectively. It is clear that Y=1 for the elastic regime since X + = X ) and Y>1 for the damage regime due to X + > X ) . The more severely the material is damaged, the larger the Y value will be. As the media approach failure the Y value becomes increasingly larger. Therefore the Y value (LURR) could measure the proximity to failure and also act as a precursor for earthquake prediction/forecasting.
In continuum damage mechanics, the damage degree of material is measured by damage variable or damage parameter d. There are many ways to define d -from scalar to high order tensor (KRAJCINNOVIC, 1996) . A direct way is to define d as the relative variation of the effective stiffness tensor. But for a simple condition, it can be simplified. According to LEMAITRE's definition (LEMAITRE, 1984) , the damage parameter d is defined as:
where modulus E 0 denotes the Young's modulus for the undamaged original material and E means the Young's modulus in the damaged state for the uniaxial tension or compression.
In fact, the reduction of modulus is due to the existence of defects (cracks, fissures, joints, faults; caves) in the material. Many scientists have studied the relation between modulus and the contained cracks. According to ODA (1983) , the increase of the compliance tensor M (the reciprocal of stiffness and e ij ¼ M ijkl r kl ) could be expressed as
where M o ijkl denotes the compliance tensor of the undamaged medium, M ijkl denotes the compliance tensor of the damaged medium, d ij is the Kronecker delta, and F ij are the components of the fabric tensor which are defined as Vol. 163, 2006 LURR's Twenty Years 2319
where a is the size of crack, D is a crack distribution density function, n denotes the unit normal vector and dX is the spherical surface element.
Obviously not only the calculation of the fabric tensor is very complicated, but also it is more difficult to obtain enough data for calculating F ij at present. It is known that a crack or seismic fault with size a corresponds to an earthquake with specified magnitude and energy release (KANAMORI and ANDERSON, 1975) . Therefore it would be better to define the Y value directly by the released seismic energy in seismology or AE energy in laboratory as follows
where E denotes radiated energy which can be calculated according to the Gutenberg-Richter formula (KANAMORI and ANDERSON, 1975) , the sign ''+'' means loading and ''-'' unloading, m = 0 or 1/3 or 1/2 or 2/3 or 1. When m = 1, E m is exactly the energy itself; m = 1/2, E m denotes the Benioff strain; m = 1/3, 2/3, E m represents the linear scale or area scale of the focal zone respectively; m=0, Y is equal to N + /N -, where N + and N -denote the number of earthquakes which occurred during the loading and unloading duration, respectively. We adopted m = 1/2 in this paper. In order to predict earthquakes in terms of LURR, some problems should be solved. The first one is how to load and unload the crustal blocks with sizes of hundreds and even thousands of kilometers. One of the means to load and unload the crustal blocks is by the earth tide. Tidal forces exerted by the Moon and Sun produce continuously varying stresses in the earth's crust. How to calculate the tide induced stress in the crust has been elucidated in many works (MELCHIER, 1978; YIN, 1987 YIN, , 1993 YIN and YIN, 1991; YIN et al., 1994a,b; MARUYAMA, 1993) .
The second problem is the criteria to judge loading and unloading. We adopt the Coulomb failure hypothesis to judge loading or unloading according to the sign of the increment of Coulomb failure stress which was denoted by CFS in recent literatures (e.g., HARRIS, 1998 HARRIS, , 2000 REASENBERG and SIMPSON, 1992) .
where f ; s n and r n stand for inner frictional coefficient, shear stress and normal stress (positive in tension), respectively, n is the normal of the fault plane on which the CFS reaches its maximum. DCF S denotes the increment of CFS. If DCFS > 0, it is referred to as loading; otherwise DCFS < 0 is referred to as unloading. It is well known that the resultant stress r ij in the crust consists of tectonic stress r T ij and the tide induced stress r t ij . Since the level of r T ij in the crust (in the order of 10 6 -10 8 Pa) is considerably higher than the level of r t ij (10 3 )10 4 Pa), the directions of the principle stress of the crust resultant stress and then also the direction of n can be determined by the tectonic stress only. However, the change rate of tidal-induced stress is much larger than the change rate of the tectonic stress (VIDALI et al., 1998) so DCF S is mainly due to tidal-induced stress that could be calculated precisely. The calculation of elastic deformation of the earth can be formulated as a system of six differential equations of first order. Following and improving MOLODENSKSY-TAKEUCHI's work, we calculate the tide-induced stress components of any section in the crust in terms of the Runge-Kutta numerical method ( MELCHIOR, 1978; YIN and YIN, 1991) . The shear and normal stress on the fault plane with normal n can be obtained by stress tensor transform after which the CFS can be calculated easily according to Eq. (7).
Inspection of Real Earthquake Cases
The retrospective inspections of hundreds of earthquake cases have validated the LURR method . For more than 80% of examined cases the Y value fluctuates around 1 during the early stage of the seismogenic process and it rises when the region approaches the onset of a strong earthquake. Then Y reaches its maximum (significantly larger than 1), but decreases sharply at the eve of the main shock (Figs. 4 and 5 ). In contrast, we selected seven ''stable'' regions with low seismicity (no earthquakes with M ! 4 occurred in the examined period) on the Chinese mainland and analyzed the variation in Y for more than two decades (from 1970 to 1992) . For all seven regions, the Y value always fluctuated slightly around 1 during the duration . These results suggest that LURR is available to be a precursor of strong earthquakes.
Certain numerous parameters are necessary such as the strike direction, dip and slip direction of fault, time window and the size and shape of the spatial window, etc. to calculate the variation of LURR. Unfortunately we did not record all the above parameters completely in our early research due to many reasons such as student floating, computer virus attack and lack of experience, so that even our group now cannot reproduce all the previous results. In view of the above-mentioned facts, we have taken two measures to solve this problem: (1) automatically recording all the parameters on every chart of Y(t).
(2) setting the scaling relation between radius (the circle region), time window and magnitude based on statistical research ZHANG et al., 2005) as below ( Fig. 2) We often select a circular region as the spatial window in calculating LURR. But in some cases when the epicenters distribute in the forms, which are significantly different from a circular region, we have to select other forms of spatial window as shown in Figure 3 . Figure 4 shows the variation of LURR before some earthquakes with M ! 6 occurred in Southern California, USA and Figure 5 shows the variation of LURR before some earthquakes with M ! 7 occurred on the Chinese Mainland .
It is well known that the tectonics settings in Southern California, the Chinese Mainland and Japan are significantly different. But the variations of LURR in these regions are similar so that it is suggested that LURR could serve as a precursor of strong earthquakes which occurred in different tectonic settings.
There is a question which was often posed to us: Many scientists have studied the problem of the triggering of earthquakes by the Earth is tide and they found that earthquake occurrence does not correlate well with the Earth's tides (KNOPOFF, 1964; EMTER, 1998; VIDALI et al., 1998) . Why were the LURR values in some periods and regions (before a strong earthquake) in our studies considerably larger than 1 (which means in such a situation that earthquake occurrence correlates strongly with the Earth's tides)?
The Earth's crust is not perpetually in a critical state according to the critical point hypothesis (SORNETTE and SORNETTE, 1990; SORNETTE and SAMMIS, 1995; HUANG et al., 1998; JAUME and SYKES, 1999; MORA et al., 2000; RUNDLE et al., 2000) . The occurrence of a large earthquake in a region certainly dissipates a sufficient proportion of the accumulated energy and stress and to remove the crust from a critical state so that during the early stage of seismogenic process Earthquake (1985.8.23) . (e) Lancang Earthquake (1988.11.6 ). (f) Gonghe Earthquake (1990.4.26) .
(g) Jiashi Earthquake (1996.3.19 (a considerably long period after the occurrence of a large earthquake), the tectonic stress level is low and the Y values are usually close to 1 (which means in such situation that earthquake occurrence correlates weakly with the Earth's tides). Subsequently, tectonic loading drives the crust back towards the critical state. During the establishment of criticality, the crust in this region is damaged severely after which the crust will be sensitive to any tiny external disturbance (such as tidal stress). Just in such a condition could the LURR be larger than 1. Figure 6 is a schematic diagram showing this issue. Since high LURR (significantly larger than unity) only exists in a local region (surrounding the epicenter) and a narrow duration (just a relatively short duration prior to the occurrence of strong earthquakes and this duration is only a very small fraction of the entire reoccurrence time between two strong earthquakes), whereas most of the data set for the above investigations on earthquake tidal triggering covers a very long time period which can be comparable to the reoccurrence time and large region which is usually considerably larger than the seismogenic region. Naturally no significant correlation exists between the occurrence of the earthquake and the tidal stress. In other words, the sensitive period only occupies a minute fraction of the entire time window which most scientists used to research the triggering earthquake by tide and the sensitive spatial region is only a slight fraction of the whole region in which most scientists used to research such type of problems.
Numerical Simulation
There have been numerous numerical simulations on LURR (MORA et al., 2002; WANG et al., 1998b; WANG, 2000) in recent years. The solid lattice LIANG et al., 1996) were used to simulate the evolution of damage and the failure of heterogeneous brittle solid and in the meantime to measure the variation of LURR prior to the macro-fracture similar to the strong natural earthquake. Figure 7 is after MORA et al. 's paper (2002) . The simulating results show that LURR values become high along with the increasing load and then reach their peak point, then drop rapidly prior to the main event. These results reproduce LURR signals similar to those that have often been observed in earthquake prediction practice, and suggest that LURR is correctly identifying the critically sensitive or unstable regime prior to the catastrophe in the model. The conclusions of this paper said: ''The results suggest that LURR provides a good predictor for catastrophic failure and motivates further research to study the underlying physical mechanisms. The results provide encouragement for the prospects of earthquake prediction research and the use of advanced simulation models to probe the physics of earthquakes.''
In a recent paper (WANG et al., 2004 ) the statistical tests of LURR have been conducted and come to the conclusion that: ''The statistical studies presented in this paper verified statistical robustness.''
Laboratory Studies on LURR
There have also been many laboratory studies on LURR (SHI et al., 1994; YU, 2004; ZHANG et al., this issue) . SHI et al. (1994) conducted laboratory studies on variations of LURR during rock failure in the early 1990s. The results are similar to theory expectations, that is, Y is close to 1 when the stress is small, Y increases when beyond the elastic phase, and Y grows remarkably just before fracture.
In terms of monitoring acoustic emission (AE) in rock mechanics experiments, it is possible to trace the growth of cracks in rock specimens, to observe the damage evolution of the loaded specimens and then to recognize imminent criticality. Therefore significant similarity or overlap exists between the studies of AE and seismology since both disciplines are concerned with the generation and propagation of stress wave, whereas at different geometry scales and over different frenquency ranges. Based on such considerations, we have carried out AE experiments for largescale rock specimens by means of international cooperation among Chinese, Russian, Australian and Japanese scientists in 2001 and 2003, respectively. The detailed descriptions of these experiments have been issued in our papers (KYKCEHKO and YIN, 2003; ZHANG et al., this issue) .
The geometry of specimens is rectangular prisms (Fig. 8 ) with a maximum size reaching 105 cm involving four kinds of rocks (granite, gneiss, sandstone and marble).
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The specimens are loaded in two directions: the axial stress r 1 and lateral stress r 2 . Another principal stress r 3 is zero so that r 1 6 ¼ r 2 6 ¼ r 3 :
In other words, the stress state is a tri-axial stress state. Under such a stress state most of the specimens undergo shear failure.
In order to simulate the solid Earth tides induced by the Sun and the Moon, the specimens are loaded by the combined action of a constant loading rate, intended to simulate tectonic loading, and a small sinusoidal stress, analogous to the solid Earth tides. The loading history and the typical experimental results are shown in Figure 9 . The LURR calculated from the experimental data increases from unity to a high value, and then decreases on the eve of macro-fracture. The experimental results coincide with the seismological observations very well (refer to Figs. 4 and 5) .
Here we discuss another question that was also often posed to us: Why the LURR value decreases rapidly on the eve of an earthquake?
According to our understanding, the peak point of LURR indicates the formation of macro-crack in loaded rock specimen (JAEGER and COOK, 1976; RONG, 2006) or the beginning of nucleation of an earthquake (OHNAKA and KUWAHARA, 1990; DIETERICH, 1992) . After that the evolution of the system will develop into the so-called self-driving stage. That means it obeys its own law of evolution and will no longer be sensitive to the external disturbance so that the LURR value decreases rapidly on the eve of an earthquake or catastrophic failure of the specimen. Some scientists have researched the phenomenon of critical sensitivity which is close relative to LURR (XIA et al., 2002; XU et al., 2004; . The numerical simulation of the damage and fracture process for brittle inhomogeneous material also shows a peak of sensitivity prior to the catastrophic rupture; a phenomenon similar to the variation of LURR (refer to Figs. 2c and 3a in ZHANG  et al., 2004) .
Earthquake Prediction in Terms of LURR
LURR is easily accepted theoretically, laboratory modeling and numerical simulation also proved its validity, case inspections are satisfactory too. However, LURR theory must be tested ultimately in real earthquake practices. Bearing this in mind, we applied LURR to real earthquake prediction practice. The statistics of earthquake prediction using LURR during the period 1993-1998 is listed in List 1 of the paper , among the total predicted 18 cases, 12 cases were correct, 6 cases were false (the predicted earthquakes have not occurred) and no missing case (a strong EQ occurred, but no prediction). The successful cases included the 1994 Northridge earthquake and the Kanto earthquake (1996.09.11, Ms 6.6, 35.5°N, 140.9°E) (YIN et al., 1996) .
It is encouraging that the prediction results using LURR have been increasingly The red solid circles denote the events M s ! 5 (total number 17) which occurred in regions, in which the observed data are available to calculate LURR, and the green dashed circles denote the events M s ! 5 (total number 16) which occurred in regions, where the scarcity of observed data makes the LURR calculation impossible. According to the custom and usage of Chinese seismological circles the earthquakes which occurred in the data scarcity regions should be ignored in the statistics. Therefore there are 15 events among 17 (a percentage of 88%) which have fallen into the anomaly LURR regions. In 2005 twelve strong earthquakes with M ! 5 among a total 13 earthquakes (a percentage of 92%) have fallen into the LURR anomaly regions (Fig. 11 ) . The only missing forecasted one-Jiujiang earthquake with magnitude 5.7 (November 26, 2005) is not in the LURR anomaly regions, rather it is located in the data scarcity regions (ZHANG, 2006) . It is worthy to mention the prediction of the Pakistan earthquake with a magnitude of M 7.8 on October 8, 2005. We began to study the seismic trend of the Euro-Asian seismic belt (30°-50°N, 30°-90°E) in 2003. The outcomes were issued in (Fig. 12) .
Recently the spatial scanning of LURR for the western United States (30°-50°N, 100°-130°W) also has been conducted ( Fig. 13) , which shows us the anomalous LURR regions in this region during 2003 (from Jan.1, 2003 to Dec. 31, 2003 and the map of epicenters with magnitude also M ! 5 (circles) observed in 2004. All the observed earthquakes with magnitude M ! 5 fell into the LURR anomalous regions. Figure 14 shows the maps of LURR anomaly regions from the spatial scanning with different special windows (ZHANG et al., 2005) . We have obtained the scaling relations of LURR: The size of seismogenic zone (radius R of circle area) should scale with the magnitude of the future earthquake (Fig. 2) ( YIN et al., 2002a, b) Log R ðkmÞ ¼ 0:087 þ 0:34M;
and the duration (months) between the peak of LURR and the occurrence time of the future earthquake should also scale with the earthquake magnitude (ZHANG et al., 2005) DT ðmonthÞ ¼ 60ð1 À 2:3 Ã 10 À0:08M Þ:
According to these scaling relations we predicted the seismic tendency in those regions with high LURR: 
The Random Distribution of LURR
The preparation and occurrence process of earthquakes is controlled not only by deterministic dynamical law but also affected by some stochastic or disorder factors. Therefore we have to study the influence of random factors on LURR in order to judge the height to which the Y value reaches can be considered as a precursor under the specified confidence (e.g., 0.90, 0.95 and 0.99) (ZHUANG and YIN, 1999) . The Poisson model is used to describe the occurrence times of earthquakes. We assume that earthquakes in a region obey the following basic assumption: 1. The earthquakes occur according to a Poisson process with a constant rate k. The number of earthquakes occurring in the time interval [0,T ] has a Poisson distribution with expectation kT , i.e.,
2. The distribution of the magnitudes obeys the Gutenberg-Richter law, i.e., an exponential distribution with the probability density function. 3. The probabilities of an earthquake falling in a loading period and unloading period are equal, both 1/2. Based on the above assumptions, a simulation algorithm for computing the distribution and the confidence bands of the LURR is outlined below: 1. For each time interval (assumed as unit time interval), simulate two random variables P, Q belonging to a Poisson distribution of rate k=2, where k is the occurrence rate of earthquakes. P, Q can be regarded as the number of loading earthquakes and unloading earthquakes occurring in the time interval, respectively. 2. According to the given b value, simulate P magnitudes for the loading earthquake and Q magnitudes for the unloading earthquakes. 3. Calculate the Y value. 4. Repeat step 1 to 3 for one million times, and draw the histogram of Y values, which could be regarded as the probability density function (p.d.f) of LURR. The results show that the variation of LURR is controlled by the occurrence rate for the Poisson model and the parameter S(S=b/m, where b is the constant in the Gutenberg-Richter law and m is the power in (6)). The larger the occurrence rate and the S value, the more stable or more concentrated around 1 the Y value is.
Instead of Y the parameter Y =Y c will be used to measure the anomaly of LURR hereafter. It is considered that LURR is an anomaly when Y =Y c > 1. The larger the value of Y =Y c , the greater the possibility of strong earthquakes in the specified region and time window will be. Figure 15 The random distribution of Y under the specified condition.
2336
Perspective
The LURR has been become a new promising approach to earthquake prediction after twenty years effort and there exits considerable room for improvement and development in it (YIN, 2005; ZHANG, 2006) .
As mentioned above, the LURR is a parameter which mirrors the closeness to strong earthquakes and serves as an approach to natural earthquake prediction. It has also been applied to the prediction of reservoir induced earthquakes , mining rock bursts (YIN et al., 2004b) and landslides JIANG, 2004) . It could potentially be used for the prediction of other critical phenomena and the damage evaluation or ''healthy-diagnoses''of major engineering structures. 
